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ISCHEMIA REPRESENTS A MAJOR pathway contributing to tissue injury and end-organ damage that occur in sickle cell disease (SCD) (9, 22, 26, 36, 38) . Such ischemia arises either because of vasoocclusive disease that impairs the perfusion of circulatory beds, or because of altered vascular reactivity characterized by increased vasoconstriction (22, 36) . Ischemia, if sufficiently severe and acute, can induce tissue infarction in SCD, and if relatively sustained and low grade, can set the stage for inflammation, fibrosis, and scarring. Understanding the basis for, and the responses elicited by, such ischemic insults is thus an important issue in elucidating the pathogenesis of the complications of SCD.
The kidney is prone to ischemic insults in SCD as evidenced by the frequent occurrence of medullary infarction and papillary necrosis, the latter resulting from the sludging of red blood cells in medullary vessels, impaired medullary perfusion, and attendant ischemia (4, 36, 45) . However, ischemic insults are not restricted to the medullary circulation but also afflict the kidney cortex. Some 10% of hospitalized patients with SCD exhibit acute kidney injury (47) , and while there are relatively few histological studies of the kidney in such patients, kidney biopsies and autopsy findings in patients with sickle cell disease/trait have demonstrated cortical lesions that include acute congestion of the glomerular microcirculation, cortical ischemia, and cortical infarction (2, 26, 30, 46) . Radiographic and other visualization techniques have also documented cortical infarction in sickle cell trait/disease, which, in some instances, has involved the entire kidney (20, 29, 30, 46, 51) .
Using a transgenic murine model of SCD, we previously demonstrated that the kidney in SCD exhibited increased sensitivity to ischemic insults, as evidenced by increased blood urea nitrogen and serum creatinine, and worsened histological injury, when assessed 24 h after the insult (34) . At this time point, there was also evidence of a prominent systemic inflammatory response and adverse effects in distant organs in sickle mice following localized renal ischemia (34) . Adverse systemic and extrarenal effects are recognized complications of localized renal ischemia of sufficient severity (17, 39) . Such systemic and extrarenal processes may themselves feed back onto the kidney and thereby contribute to the greater deterioration in renal function and heightened histological injury observed at 24 h after localized renal ischemia.
The present study examined the nature of the renal response shortly after the release of the ischemic clamp to the kidney so as to determine whether there exists an early and intrinsic sensitivity of the kidney to an ischemic insult; examining the kidney shortly after the release of the ischemic clamp would mitigate the extent to which the observed changes in the kidney reflect the adverse effects of systemic and extrarenal phenomena that are elicited by localized renal ischemia. To this end, we undertook studies of renal hemodynamics, the latter enabling not only the determination of glomerular filtration rate (GFR) but also renal blood flow (RBF) and vascular resistances. Along with an assessment of renal hemodynamics, the present study examined cellular responses recognized in the literature as determinants of the severity of acute ischemic injury. Studies were thus undertaken of the expression of the MAPK/Akt signaling proteins and the expression of candidate genes that are known to promote or mitigate postischemic renal injury (3, 11, 14, 19, 27, 33, 48, 52, 54) .
METHODS
All studies were approved by the Institutional Animal Care and Use Committee of Mayo Clinic and performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The transgenic murine model of SCD used in the current study is on a C57BL/6 background and is homozygous for the murine ␤-globin deletion and carries two transgenes, ␣ H ␤ S and ␣ H ␤ S-Antilles (23, 34, 35) . In our prior studies using this murine model of SCD, an aging phenotype was not observed in the kidney in mice older than 12 mo of age (35) . The present studies were performed in age-matched wild-type (C57BL/6) mice and sickle mice 10 -12 mo old with similar numbers of male and female mice in each group.
Renal hemodynamics. Studies of renal hemodynamics were performed as previously described (49, 50) . Wild-type and sickle mice were anesthetized with pentobarbital sodium (60 mg/kg body wt ip) and placed on a temperature-regulated table to maintain body temperature at 37°C. Following a midline abdominal incision, both renal pedicles were gently dissected and then occluded with nontraumatic clamps (RS5426, Micro Aneurysm clip, straight, 10 mm, 125-g pressure; Roboz Surgical Instruments, Rockville, MD) for 22.5 min. The trachea was catheterized with PE-160 tubing; PE-10 tubing was used to cannulate the carotid artery, the jugular vein, and the urinary bladder to monitor mean arterial pressure, to infuse fluids, and to collect urine, respectively; mean arterial pressure was continuously recorded throughout the study. A solution of 0.9% saline containing 2.25% bovine serum albumin and 0.75% FITC-inulin (FITC-I; SigmaAldrich, St. Louis, MO) was infused into the jugular vein (0.25 l · min Ϫ1 · g body wt Ϫ1 ) so as to determine GFR under euvolemic conditions. An electromagnetic flow probe (Transonic Systems, Ithaca, NY) was placed around the left renal artery to determine RBF; RBF was continuously recorded throughout the study using a small animal blood flowmeter (T206; Transonic Systems). One hour and 45 min following the removal of the clamps to the renal pedicles, renal hemodynamic measurements were undertaken. Concentrations of FITC-I in urine and blood were measured using a fluorescence reader (FL 600; Bio-Tek, Winooski, VT), and GFR was determined from the calculated clearance of FITC-I. Renal vascular resistances were determined as the ratio of mean arterial pressure/RBF; renal plasma flow was determined as RBF ϫ (100 Ϫ hematocrit)/100; and filtration fraction was calculated as GFR/renal plasma flow.
mRNA expression by quantitative real-time RT-PCR. For analysis of gene expression, total RNA was extracted from mouse kidney tissue using the TRIzol method (Invitrogen, Carlsbad, CA) with subsequent purification with an RNeasy Mini Kit (Qiagen, Valencia, CA), according to each manufacturer's protocol (41) . Two hundred nanograms of purified total RNA were subsequently used in 40-l reverse transcription reactions (Transcriptor First Strand cDNA Synthesis Kit, Roche Applied Science, Indianapolis, IN) employing random hexamers. The resulting cDNA was used in quantitative real-time PCR analysis as in our earlier study (41) . Reactions were performed on an ABI Prism 7900HT (Applied Biosystems, Foster City, CA) using TaqMan Mastermix reagent (part no. 4324020, Applied Biosystems). Probes and primers used for quantification were obtained as assay sets for each target mRNA (TaqMan Gene Expression Assays, Applied Biosystems) and used according to the manufacturer's protocol. Parameters for quantitative PCR were as follows: 10 min at 95°C, followed by 40 cycles of amplification for 15 s at 95°C, and 1 min at 60°C. Values for the expression of each target gene were derived from relative quantification against a standard curve constructed for each mRNA target, and normalized for the expression of 18S rRNA.
Western blotting for MAPK and Akt signaling proteins. Western blot analysis was performed, as outlined in our prior studies (41) , in kidney tissue that was immediately frozen in liquid nitrogen after ischemia and reflow. Briefly, 50 g of whole organ lysate-protein were separated on 10% Tris · HCl Criterion gels (Bio-Rad) and transferred to polyvinylidene fluoride membranes. After blocking, membranes were incubated overnight at 4°C with primary antibodies followed by room temperature incubation with the appropriate horseradish peroxidase-conjugated secondary antibody. The bands were then visualized using enhanced chemiluminescence (catalog no. RPN-2106, Amersham, Piscataway, NJ). Primary antibodies employed in these studies were obtained from Cell Signaling (Danvers, MA): phospho-ERK1/2 and ERK1/2 (catalog nos. 9101 and 9102, respectively); phospho-p38 and p38 (catalog nos. 9211 and 9212, respectively); phospho-JNK and JNK (catalog nos. 9251 and 9252, respectively); and phospho-Akt and Akt (catalog nos. 9271 and 9272, respectively). Immunoblotting for ␤-actin (catalog no. 612657; BD Transduction Laboratories, San Diego, CA) was performed to verify equal protein loading.
Measurement of ATP in the kidney. ATP content was measured employing a luminescence-based assay kit (catalog no. FLAA-1KT, Sigma) in kidney tissue that was immediately frozen in liquid nitrogen after ischemia and reflow. Kidney lysates were prepared by homogenization of tissues in 10 volumes of ice-cold 2.5% TCA and centrifugation at 1,000 g for 10 min at 4°C. The pH of the lysates was adjusted to 7.8 with Tris base, and a second centrifugation was performed to clear precipitation. ATP concentration was determined in these lysates according to the manufacturer's protocol using a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA). The protein content of each TCA-precipitated pellet was determined using the Bradford method following resuspension in 0.5 N NaOH, and these values were used to normalize the measured ATP content for each respective lysate.
Statistical analysis. Data are expressed as means Ϯ SE. Comparison between two groups was undertaken by Student's t-test for parametric data and the Mann-Whitney test for nonparametric data. Data were considered significant for P Ͻ 0.05.
RESULTS

Renal hemodynamics.
Following the same duration of renal ischemia as imposed on the wild-type mice, and as shown in Fig. 1 , sickle mice exhibited a dramatic impairment of GFR; such reduction in GFR in sickle mice subjected to ischemia was contrasted by a tendency toward a higher GFR in sickle . A: total GFR was determined by clearance techniques in wild-type (WT) and sickle mice (SCD) following bilateral renal ischemia-reperfusion (IR) for 22.5 min or after sham ischemia (Sham). B: RBF was determined by a flow probe placed on the left renal artery following bilateral renal ischemia for 22.5 min (IR) or after Sham; n ϭ 5 and n ϭ 4 -5 for WT and SCD mice subjected to IR, respectively, and n ϭ 4 for both WT and SCD mice subjected to Sham. *P Ͻ 0.05 vs. WT mice subjected to IR for that index.
mice following sham ischemia. This marked reduction in GFR was accompanied by a pronounced reduction in RBF (Fig. 1 ). Mean arterial pressure was significantly lower in sickle mice, compared with wild-type mice, after both ischemia and sham ischemia (Fig. 2) . The marked reduction in RBF in sickle mice following ischemia was due to heightened renal vascular resistances, the latter increased more than threefold in sickle mice following ischemia (Fig. 2) . Renal plasma flow was decreased, and filtration fraction markedly diminished, in sickle mice in response to the ischemic insult, these indices not being significantly different in wild-type and sickle mice following sham ischemia (Fig. 3) .
Renal histology. Histological analyses were performed of the kidneys following the renal hemodynamic studies. As shown in Fig. 4 , analysis of the kidney in wild-type mice following ischemia showed little histological evidence of injury. The kidney in sickle mice after ischemia showed congestion in small arteries, arterioles, and glomerular capillaries, along with congestion in the medullary microcirculation; at this time point, the tubular epithelium appeared well preserved with little or no evidence of tubular necrosis (Fig. 4) . The vasculature and glomeruli in the kidney in sickle mice were variably congested after ischemia (Fig. 4B) , and Fig. 4D illustrates severe congestion in the vasculature and glomeruli in sickle mice after ischemia. In sickle mice subjected to sham ischemia, vascular congestion was restricted to the medullary circulation and not observed in the cortex (data not shown).
MAPK/Akt signaling. Components of the MAPK/Akt signaling pathways were assessed in the kidney 15 min after the release of the clamps to the renal pedicles. Expression of this signaling system was profoundly impaired in sickle mice after ischemia. Expression of ERK1/2 (p42/44), JNK (p44/46), p38, and Akt was entirely comparable in wild-type and sickle mice following renal ischemia or sham ischemia (Figs. 5, 6, 7, and 8). However, expression of the phosphorylated forms of these signaling proteins was markedly altered in sickle mice, compared with wild-type mice, after ischemia: in wild-type mice, ischemia induced a prompt and prominent phosphorylation in all of these proteins (Figs. 5-8), whereas in sickle mice, ischemia failed to induce phosphorylation of ERK1/2 ( Fig. 5) , JNK (Fig. 6 ), and p38 (Fig. 7) , and, indeed, the expression of p-Akt in sickle mice decreased following the ischemic insult (Fig. 8) .
Phosphorylation of proteins requires a supply of ATP, and it is well established that renal content of ATP decreases following ischemia and correlates with the severity of the ischemic insult (37, 53) . We thus measured renal content of ATP in the same kidney tissue in which the above Western blot analyses were performed. Kidney ATP content in wild-type and sickle mice following sham ischemia was not significantly different (1.63 Ϯ 0.49 vs. 1.21 Ϯ 0.13 nmol/mg protein, n ϭ 4 in each group, P ϭ not significant). However, the ATP content in the postischemic kidney in sickle mice was Ͻ50% of the kidney ATP content in wild-type mice following ischemia (0.36 Ϯ 0.05 vs. 0.17 Ϯ 0.01 nmol/mg protein, P Ͻ 0.05). This lower renal ATP content in sickle mice after ischemia is consistent with a heightened sensitivity of the kidney in SCD to an ischemic insult, and such reduction in ATP content may contribute to the impaired phosphorylation of MAPK and Akt proteins in the kidney in sickle mice following ischemia.
Gene expression. At 6 h after ischemia, we surveyed the expression of representative genes that are determinants of the sensitivity of the kidney to an ischemic insult; the genes surveyed included those of the nitric oxide synthase (NOS) family, and those that are essentially vasoconstricting [such as endothelin-1 (ET-1)], proinflammatory (TNF-␣ and MCP-1), or cytoprotective [heme oxygenase-1 (HO-1) and IL-10]. Inducible (i)NOS contributes to, and endothelial (e)NOS protects against, postischemic acute kidney injury, and notably, the expression of iNOS was increased, and that of eNOS was decreased, in the postischemic kidney in sickle mice compared with wild-type mice (Fig. 9) . Expression of the vasoconstricting cytokine ET-1 was comparable in the postischemic kidney in wild-type and sickle mice (Fig. 10) . After ischemia, the kidney in sickle mice exhibited increased expression of TNF-␣ but decreased expression of MCP-1 (Fig. 11) . Expression of cytoprotective genes revealed comparable expression of HO-1 and increased expression of IL-10 in the postischemic kidney in sickle mice compared with wild-type mice (Fig. 12) . . A: RPF was calculated as RBF ϫ (100 Ϫ hematocrit)/100 from values of these indices determined during studies of renal hemodynamics undertaken following bilateral IR for 22.5 min or after Sham. B: FF of the kidney was calculated as single kidney GFR/RPF from these indices; n ϭ 5 and n ϭ 4 for WT and SCD mice subjected to IR and n ϭ 4 for both WT and SCD mice subjected to Sham. *P Ͻ 0.05 vs. WT mice subjected to IR for that index.
DISCUSSION
Abnormalities in the kidney and the renal circulation are widely recognized complications of SCD (4, 36, 45) . Up to 70% of patients with SCD exhibit increased rates of urinary albumin excretion, and in a significant subset of these patients, chronic kidney disease develops (42) . Other abnormalities include papillary necrosis, a host of tubular defects, and a propensity toward medullary carcinoma (4, 36, 45) . Acute kidney injury is also a recognized complication of SCD (21, 47) and, indeed, reductions in creatinine clearances have been documented during sickle crisis, and following such crisis episodes, creatinine clearances improve (1). Over 10% of hospitalized patients with SCD exhibit acute kidney injury (47) . While the basis for such renal dysfunction is likely multifactorial, cortical ischemia and infarction are relevant mechanisms occurring in at least a subset of these patients (2, 26, 30, 46) ; understanding the renal response to ischemia in SCD is thus a clinically relevant issue.
In the current study, we employed a technique traditionally employed in assessing renal function of the mammalian kidney, namely, the study of renal hemodynamics. These techniques, commonly employed in rats but undertaken in fewer published studies in mice, in part, because of the challenging nature of this technique in mice, allow not only the determination of GFR by the most rigorous method currently available (the clearance of inulin), but concomitantly afford an assessment of renal vascular behavior. Studies of renal hemodynamics are of particular utility in assessing the early renal responses to ischemic insults for at least two reasons. First, such studies may detect changes in GFR with greater sensitivity and reliability than can be revealed by filtration markers such as blood urea nitrogen or serum creatinine; the latter, in particular, represents an insensitive marker in the setting of reduced renal Fig. 4 . Histological examination of the renal cortex in WT and SCD mice following renal hemodynamic studies. A: renal cortex in WT mice after ischemia (ϫ100). B. renal cortex in SCD mice after ischemia (ϫ100). C: renal cortex in WT mice after ischemia (ϫ400). D: renal cortex in SCD mice after ischemia (ϫ400). All sections were stained with hematoxylin and eosin. As shown in these representative sections, the vasculature and glomeruli were congested in SCD mice (B and D) following ischemia; such congestion was not observed in the kidney in WT mice (A and C). The vasculature and glomeruli in the kidney in SCD mice were variably congested after ischemia (B), and D illustrates severe congestion in the vasculature and glomeruli in SCD mice after ischemia. Renal tubules showed no injury in WT and SCD mice. function, as creatinine is secreted in the urine in increased amounts in SCD (12) . Since the present study was undertaken to address whether the vulnerability of the kidney in SCD appears promptly after ischemia, the study of renal hemodynamics affords an approach that is sufficiently sensitive to reliably detect differences in renal responses in wild-type and sickle mice. Second, in murine models of SCD, studies of regional blood flow and vascular resistances in vivo are quite limited in number, in general, and in the kidney, in particular: the study of renal hemodynamics thus allows an evaluation of the renal circulation in SCD in the unstressed state and following ischemia.
The present findings reveal that there is a prompt impairment of renal hemodynamics in sickle mice following ischemia. A dramatic finding was the severity of the filtration failure that occurred in sickle mice as characterized by a precipitous fall in GFR and in filtration fraction. As renal plasma flow is one of the four determinants of glomerular filtration, the marked fall in GFR can be attributed, at least in part, to the decreased renal plasma flow. This diminution in renal plasma flow and RBF arose, in turn, from increased renal vascular resistances, the latter increasing more than threefold in the kidney in sickle mice. Thus at least one mechanism underlying the marked reduction in GFR in sickle mice following ischemia is the marked augmentation in renal vascular resistances. It should also be noted that, as reflected by the fall in filtration fraction, the GFR was decreased to a greater extent than renal plasma flow rate. Thus it is possible that a decrement in other determinants of GFR, besides renal plasma flow, may contribute to the striking fall in GFR; these include the glomerular ultrafiltration coefficient and the glomerular transcapillary hydraulic pressure gradient.
Histological analyses of the kidney following the hemodynamic study demonstrated little or no injury in the wild-type mice. In contrast, the kidneys in sickle mice showed prominent congestion in the cortical vasculature and glomerular capillaries, along with congestion in the medullary microcirculation; at this time point, the tubular epithelium in the kidney in sickle mice appeared well preserved with no evidence of tubular necrosis. Such congestion of erythrocytes in the vasculature and glomerular microcirculation observed in the present studies was also apparent at a later time point after ischemia in the kidney in sickle mice, as described in our prior studies (34) . However, at this later time point, acute tubular necrosis was also present, in all likelihood, reflecting the adverse effects of tubular ischemia due to the marked decrement in RBF documented in the present studies. The prominent vasoocclusive disease observed in the kidney in sickle mice following ischemia may underlie the heightened renal vascular resistances, either because of resistance to blood flow imposed by luminal vasoocclusive disease, or because of the instigation of a vasoconstrictive myogenic reflex in resistor vessels in the kidney.
Increased renal vascular resistances in sickle mice following ischemia may also reflect the possibility that ischemia may preferentially promote the elaboration and effects of vasocon- Fig. 7 . Western blot analysis for the expression of p38 in WT and SCD mice following IR injury or Sham. Shown is expression of phospho-p38 and p38 in the kidney in WT and SCD mice following renal IR or Sham. For each Western blot analysis, each lane represents protein extracted from a single kidney of an individual mouse; evaluation of adequacy of loading was provided by immunoblotting for ␤-actin. Fig. 9 . Expression of inducible nitric oxide synthase (iNOS) and endothelial nitric oxide synthase (eNOS) mRNA following IR or Sham in WT and SCD mice. iNOS mRNA (A) and eNOS mRNA (B) were determined by quantitative real-time RT-PCR in the kidney in WT and SCD mice following renal IR or Sham. For either gene, n ϭ 6 in WT and SCD mice subjected to Sham, and n ϭ 9 and n ϭ 8 in WT and SCD mice, respectively, subjected to IR. *P Ͻ 0.05 SCD mice vs. WT mice subjected to IR for that gene. stricting rather than vasorelaxant species. In this regard, we observed that following ischemia, the kidney in sickle mice, compared with wild-type mice, exhibited diminished induction of eNOS and augmented induction of iNOS. Such alterations in the profile of expression of these NOS isoforms would be expected, from the current literature, to predispose to acute ischemic kidney injury: experimental strategies that inhibit iNOS expression or those that augment eNOS expression, are generally protective in ischemic acute kidney injury (19) . The lesser induction of eNOS that was observed in the kidney in sickle mice following ischemia may lead to less generation of the vasodilator, nitric oxide. The augmented induction of iNOS may generate increased amounts of nitric oxide which, by interacting with the superoxide anion, would produce the potent oxidizing species, peroxynitrite; peroxynitrite, by oxidizing tetrahydrobiopterin, may uncouple eNOS, with an attendant increased generation of superoxide anion and decreased production of nitric oxide; furthermore, peroxynitrite may also oxidatively inactivate prostacyclin synthase, the enzyme that generates prostacyclin, a vasorelaxant species (19, 25) . In view of these considerations, the profile of expression of iNOS and eNOS in sickle mice after ischemia, as observed in the present study, may thereby promote a heightened vasoconstrictive response. It seems unlikely that this vasoconstrictive response involves ET-1 since tissue production of ET-1 is transcriptionally regulated after renal ischemia, and gene expression of ET-1 was comparably increased in the postischemic kidneys in wild-type and sickle mice; however, it is possible that the vascular responsivity to ET-1 may be increased in the sickle kidney after ischemia. Inhibition of endothelin receptors has been reported to reduce vasoconstrictive responses, organ injury, and mortality in response to hypoxia-reoxygenation in a murine model of SCD (44) . The kidney in sickle mice also exhibited a marked alteration in expression of MAPK and Akt signaling proteins. These proteins influence inflammatory responses and cell survival, proliferation, migration, and differentiation following ischemia and thus modulate the nature of the renal response to ischemia; in particular, ERK and Akt represent prosurvival pathways in the kidney and other tissues (3, 14, 52) . The kidney in sickle mice exhibited a profoundly altered expression of these proteins after ischemia: while exhibiting levels of expression of these proteins comparable to that observed in wild-type mice, the postischemic kidney in sickle mice failed to exhibit increased expression of the phosphorylated forms of any of these proteins, the latter clearly observed in the postischemic kidney of wild-type mice. As the phosphorylated form of these signaling proteins usually determines the active moiety, these data demonstrate that the recruitment of signaling processes following ischemia is markedly impaired in the kidney in sickle mice. This uniform failure of expression of phosphorylation of MAPK proteins, observed in the present study in response to ischemia, differs from prior observations regarding expression of these proteins in murine SCD in response to hypoxia (28) .
One mechanism underlying this failure of phosphorylation in the postischemic kidney in sickle mice may involve the lower amounts of ATP present in these kidneys. This latter finding also underscores the increased sensitivity of the kidney in SCD since, as is well described in the literature, renal ATP content is predictably decreased as ischemia of increasing severity is imposed, and strategies that augment ATP are protective against ischemic acute kidney injury (37, 53) .
In an attempt to determine whether altered expression of specific genes may contribute to the increased sensitivity of the kidney to ischemic injury, we assessed the expression of proinflammatory and anti-inflammatory genes, as an exaggerated expression of proinflammatory mediators, or an impaired expression of anti-inflammatory mediators, may contribute to acute ischemic kidney injury (11, 27, 33, 48) . Such increased sensitivity of the kidney in sickle mice may reflect increased expression of TNF-␣ but not MCP-1; nor can such sensitivity be explained by impaired expression of anti-inflammatory, cytoprotective genes (such as HO-1 or IL-10), as expression of these genes was not impaired in the postischemic kidney in sickle mice. These studies of gene expression thus identify TNF-␣ as an inflammatory cytokine that may contribute to the increased sensitivity of the kidney in sickle mice to ischemia.
The impaired expression of MCP-1 in sickle mice, compared with wild-type mice, following ischemia was quite surprising as MCP-1 is markedly induced by oxidative stress, heme, and iron, all of which would be expected to be increased in the kidney in sickle mice following ischemia (8, 24) . It is possible that such impaired induction of MCP-1 may reflect the impairment of signaling processes in the kidney in sickle mice following ischemia: specifically, expression of MCP-1 is de- pendent on p-ERK-dependent cell signaling. Interestingly, expression of eNOS also relies on p-ERK-dependent cell signaling, and less inducibility of eNOS was observed in the postischemic kidney in sickle mice.
A number of murine models of SCD have been introduced, and their essential features have been previously summarized (31, 32) . As assessed by the degree of hemolytic anemia and vasoocclusion, the murine model employed in our present and prior studies provides a phenotype of mild to moderate severity in its unstressed state, and the same is true for other murine SCD models expressing both murine and human globin genes, such as, for example, the NYC1 model (15, 16 ) and the SAD model (13, 44) . Since murine globin chains hinder polymerization of hemoglobin S, murine models of SCD that express only human globin chains ("knockout-transgenic" models) exhibit a severe phenotype as reflected by marked hemolytic anemia and vasoocclusive disease (40, 43) . Murine models exhibit nephromegaly, medullary congestion, and decreased concentrating ability, and the kidney in these models has been variably characterized. The model used in the current studies shows increased content of heme, oxidative stress, and a sensitivity to oxidative insults (34, 35) ; peroxynitrite and nitrotyrosine content is increased in the NYC1 model (5, 6); glomerulosclerosis occurs in transgenic SAD mice (13) , while the knockout-transgenic models exhibit features of human sickle cell nephropathy even at a relatively young age (40, 43) .
Human SCD exhibits marked variation in the severity of disease and heterogeneity in the clinical phenotype. The availability of murine SCD models that exhibit varying severity thus recapitulates a recognized feature of the human disease (31, 32) . Moreover, murine models of varying severity lend themselves to the interrogation of specific issues (31, 32) . The knockout-transgenic models, for example, facilitate the study of end-organ damage that can evolve in SCD. The murine models of mild to moderate severity, such as employed in the present study, allow the examination of imposed stress or insults on SCD. In this regard, our present and prior studies employing a murine model of mild to moderate severity have uncovered the increased sensitivity of the kidney in SCD to ischemic insults (34) , and the distant effects of localized renal ischemia in SCD (34) .
In summary, the kidney in SCD appears remarkably vulnerable to acute ischemic insults. Such sensitivity of the kidney may be relevant not only to the occurrence of acute kidney injury observed in SCD patients during crisis or other acute illnesses but also to chronic kidney disease that may develop in patients with SCD. It is now increasingly recognized that acute kidney injury is not a uniformly reversible process (7, 10, 18) and that inadequate resolution of acute ischemic kidney injury may set the stage for chronic kidney disease (7, 10, 18) . It is thus possible that episodes of acute ischemic insults to the kidney, to which the patient with SCD is prone, may leave in their wake, processes that promote the emergence of chronic kidney disease.
